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were C-shaped.~ Within the temperature range where a given stage was stable, the
reaction rate increased with increasing temperature at low temperatures (suggestiy,
Ja diffusion-controlled mechanism) and decreased with increasing temperature at high
temperatures (suggesting an interface~controlled mechanism). Also reported is a
TCT-diagram describing the dependence of theintercalation kinetiss on the exterm
intercalate concentration (i.e.,Br, concentration in the Br -CCI& solution containing
the sample).. The finalstage decreased in discrete steps wigh increasing Br,

cOacentration;in the Br,~CCi, solution containing the sample, but the rate of int
calation increased lineirly d1th increasing Br, concentration in the solution.
Although"bremdne intercalation by immersion in pure bromine at room temperature app
to involve direct formation of the final stage of 2, the actual progressive stage
decrease toward the final stage was clearly observed by altering the relative
intercalation rates of different stages by either raising the temperature or by
lowering the Br, concentration in the Br.-CCl, solution containing the sample.
The intercalate“front first observed by surface profilometry was found by x-ray
diffraction and x-ray absorption to delineate a central region which was nearly
pure graphite (except near the c-face surface) and an edge region which contained
,aﬁ%fry szall amount of pure graphite.

1 In-plane intercalate ordering was observed for the first time in intercalated
graphite fibers. This observation wac made in stage 1 and stage 2 graphite-ICl
‘based on Thornel P-100 graphite fibers and prepared by the two-builb meiiod, &5_/
which liquid ICl was at 95°C while graphite was at 100°C for stage 1 and 1307C fof
stage 2. As shown by the transmission Laue x-ray diffraction technique, the in-plar
ordering was the same for stage 1 and stage 2 fibers, and for stage 1 HOPG. The Q
unit-cell was monoclinic and commensurate with graphite, as previously found by :
Ghosh and Chung by single crystal x-ray diffraction.

By x-ray diffraction, exfoliated graphite-Br, was found to exhibit the same
in-plane superlattice ordering as intercalated graphite prior to exfoliation. Th}s
ordering persisted even after heating for an hour at 1700°C. By dilatometry, a
Isingle exfoliation event was found to consist of multiple expansion spurts, which
occurred at -150°C and ~240°C for first exfoliation, and ~100°C and -240°C for
subsequent cycles.. The amount of expansion was found to fncresae with decreasing
intercelate activity during intercalation. With exfoliation cycles to higher temp
eratures or longer times, the amount of residual expansion after the collapse on
cooling increased until no second exfoliation was observed on reheating. Due to
intercalate desorption, the amount of expansion for concentrated samples increaseq
with increasing sample width; desorbed samples showed little width dependence.
Acoustic emission was observed before appreciable expansion during the first
exfoliation cycle; it was not observed during the collapse of subsequent exfoliatjon
cycles. A model of exfoliation involving intercalate islands is proposed.
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RESEARCH OBJECTIVE

'The research objective is to gain a basic understanding of
(1) the process of intercalation of graphite,
(i1) the process of exfoliation of intercalated graphite.

Emphasis i8 given to the kinetic and the structural effects.
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Summary

We report the first TTT-diagram for the intercalation of graphite.
The TTT-curves were C-shaped. Within the temperature range where a given stage
was stable, the reaction raie increased with increasing temrernture at low
temperatures (suggesting a diffusion-controlled mechanism) and decreased with
increasing temperature at high temperatures (suggesting an interface-controlled
mechanism). Also reported is a TCT-diagram describing the dependence of the
of the intercalation kinetics on the external intercalate concentration (i.e.,
Br2 concentration in the Br —CCl4 solution containing the sarple). The final

2

stage decreased in discrete steps with increasing Br2 concentration in the Brz—
CClA solution containing the sample, but the rate of intercalation increased
linearly with increasing Br2 concentration in the solution. Although bromine
intercalation by immersion in pure bromine at room temperature appeared to
involve direct formation of the final stage of 2, the actual progressive stage
decrease toward the final stage was clearly observed by altering the relative
intercalation rates of different stages by either raising the temperature or

by lowering the Br2 concentration in the Brz-CCIA solution containing the sample.
The intercalate front first observed by surface profilometry was found by
x-ray diffraction and x-ray absorption to delineate a central region which was

nearly pure graphite (except near the c-face surface) and an edge region which

contained a very small amount of pure graphite.

In-plane intercalate crdering was observed for the first time in intercalated
graphite fibers. This observation was made in stage 1 and stage 2 graphite-ICl
based on Thornel P-100 graphite fibers and prepared by the two-bulb method, in
which 1iquid ICl was at 95°C while graphite was at 100°C for stage 1 and 130°C for
stage 2. As shown by the transmissionLlaue x~ray diffraction technique, the in-

plane ordering was the same for stage 1 and stage 2 fibers, and for stage 1




HOPG. The unit cell was monoclinic and commensurate with graphite, as previously

found by Ghosh and Chung by single crystal x-ray diffraction.




A. Intercalation Methods

Intercalation mostly occurs on exposure of graphite to the intercalate
vapor or liquid; this 1is known as spontaneous intercalationl. For some inter-
calates, intercalation can be madc to occur electrolytically by using graphire
as an electrode. Sporntaneous intercalation is by far more varsatile than
electrolytic intercalation, although there are some intercalates which require
electrolytic intercalation. During the past years, a number of spontaneous
intercalation methods have emerged, so that it is of value to systematize
them.

Listed in Table 1 are the various intercalation methods, which differ in
the parameter(s) used to control the eventual stage. These methods are
described below.

1. Temperature method

In the temperature method, either the sample temperature or the
intercalate reservoir temperature (which controls the intercalate vapor
pressure) or both is/are varied to control the eventual stage.
(a) Two-bulb method I

In the two-bulb method I, the sample temperature is varied to control
the eventual stage, while the intercalate vapor pressure is fixed. This
is the most popular method, which was originally developed for the inter-
calation of alkali metalsz. The sample temperature should be kept higher
than the intercalate reservoir temperature to avoid condensation of the
intercalate on the samnle. |
(b) Two-bulb method II

In the two-bulb method II, the intercalate vapor pressure is varied
by changing the temperature of the intercalate reservoir. This variation

is used to control the eventual stage. This method was originally developed




for the intercalation of alkalil metals, but has also been applied to
the intercalation of Br23, FeCl34, AsFSS, etc.
(c) One-bulb method

In the one-bulb method, both the sample and the intercalate
reservoir are kept at the same temperature. Thus, an increase in
sample temperature necessarily increases the intercalate vapor pres-
sure. This method 1s experimentally simpler than the two-bulb methods
because it requires only one temperature. It has been applied for
the intercalation of FeC136, SbF57, AsFSB, MF6 (M=0s, Ir, As)g, etc.
In this work, the one-bulb method was applied for the first time to
prepare various stages of graphite-Brz.
Solution method

In the solution method, the intercalate is dissolved in a certain
solvent which does not intercalate. The concentration of the intercalate
in the solvent is used to control the eventual stage. This method was

first used by Hennig to prepare graphite-Br2 residue compounds with Br —CCla

2
solution.3 In this work, the use of this method to prepare various stages

of graphite—Br2 was established. The solution method has also been applied
for the intercalation of HNO3 (with fuming nitric acid + concentrated nitric

0 and Li (with Li-Na alloy)ll.

acid)l
Limited reactant method

In the limited reactant method, the amount of intercalate (reactant)
used is limited to a specific value to pive a chosen eventual stage. This
method has been applied to the intercalation of Klz, SnC1413, etc. Two
means of excitation have been used to initiate intercalation. The more
common way is heating, as used for K 1ntercalation12. The newer way is

the use of light (i.e., the photochemical method), as used for SnCl, inter-

calation13.




4., Limited time method

In the limited time method, the time of intercalation 1s limited
to a specific value in order to give a chosen stage, which forms prior
to the eventual stage. This method is mostly used for AsF5 intercalationla

Because of the possible coexistence of stages prior to the formation of

the final stage, this method often dces not give a pure stage.

In the case of Br2 intercalation, the two-bulb method II is perhaps the
most popular, but it suffers from its slcw kinetics. 1In this method, the Br,
vapor pressure is controlled by the temperature of the Br2 reservoir, while the

sample temperature is typically rcom temperature. The vapor pressure P of

Br2

pure bromine is given byl5

_ 638.25 ) _sQor °
L . 5.82 T+ 158.006 48°C«<T<58.2°C
B10 “Br, = (1)
1562.26 ° o
7.583 - T + 273.78 70°C<T<110°C,
where PBr is pressure in mm Hg and T is temperature in °C.
2

Closely related to this method is the solution method, in which the Br2
vapor pressure is controlled by the concentration of Br2 in a Brz—CClb solution.
Both the snlution and the sample are typically at room temperature. The relatively
fast kinetics of the solution method is because the sample is usually immersed
in the solution (i.e., liquid-phase intercalation) rather than being exposed
in the vapor only (i.e., vapor-phase intercalation). The vapor pressure PSol
above the BrZ-CCI2 solution is related to the vapor pressure PBr2 of pure bromine

and the mole fraction X of Br2 in the solution by the relationi®

In Piol Y= 1.197 (1-X)2 - 0.493 (1-X)° ()

P X
Br2
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Shown in Fig. 1 are x-ray diffraction patterns obtained with Cuka radiation

showing the 00% lines in various stages prepared from highly oriented pyrolytic
graphite (HOPG) by the solution method. The second stage was prepared by immersion
in pure liquid bromine (X=1) at room temperature; the third stage was prepared

by immersion in Brz—Ccl4 with X=0.2 at room temperature; the fo rth stage was

prepared by immersion in BrZ—CClA with X=0.15. The c-axis periodicity was thus

(-] -]

-]
found to be 10.38 a, 13.73 A and l6.9f0.2 A for stages 2, 3 and 4, respectivelv.

,
These values are in agreemert with tnose of correspording stages prepared bv the
two-bulb method II.17

In the soluticn method, the eventual stage number increases with decreasing X and
the rate of intercalation also decreases with decreasing X, so the preparation
of high stages takes quite a long time (e.g., a few days for samples that are
a few © wide). On the other hand, in the one-blub method, the eventual stage
number increases with increasing temperature and the rate ol intercalation also
increases with increasing temperature, so the preparaticn of high stages takes

even less time than the lowest stoge. Therefore, the one-blub method is particularly
convenient for high stages. In this work, the one-bulb method was applied for
the first time to prepare various stages of graphite-br,. Shown in Fig. Z are
x-ray diffraction patterns obtained witl. CuKa radiation showing the 00£ lines
in samples prepared by the one~bulb method. The second stage was prepared by
immersion in pure liquid bromine at room temperature; the third stage was prepared
by immersion in pure bromine in 105°C. The c-axis periodicity was 10.38 £ and
13.73 & for stages 2 and 3, respectively. These valucs are close to thoge of the
corresponding stages prepared by the solution method.

It is possible to combine the solution nethod and tlie one-blub method by

adjusting both the temperature and X. Shown in Fig. 3 is the x-ray diffraction




pattern of stage 4 prepared by immersion in Brz-CClA {(X=0.5) at 105°C. This
combined method allows investigation of the dependence of th:c :zrentual stage on
the sample temperature and the vapor pressure. Such an investigation will yield
the pressure-temperature phase diagram, which can be analyzed to give the enthalpy
and entropy of the transformation from one stege to another. The determination

of the phase diagram 1s presently in progress.

Also shown in Fig. 3 1s the x-ray diffraction pattern of pure graphite
(HOPG). Comparison of the linewidths of the diffraction peaks of various samples
in Fig. 1-2 shows that the linewidths of the superlattice lines and the pure
graphite lines (at similar 20 angles) are approximately the same for stage 2,
and that the linewidths of the superlattice lines increase slightly with increasing
stage number. The linewidths thus indicate that the graphite~Br2 samples prepared

by both the solution method and the one-blub method are well-staged.
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B. Intercalation Kinetics

An extensive investigation has been carried out on the kinetics of inter-

calation of bromine in HOPG. This section considers (i) intercalate fronts,

(11) stage evolution, and (iii) mechanism.

Intercalate Fronts

Revealed by optical microscopy

An indication of the progress of intercalation is the deformation of the
sample shape or surface profile during intercalation. The shape deformation
known as the '"ash tray effect" accompanies the intercalation of graphite for
most intercalates. This effect involves the sharp bending of the graphite
layers at the intercalate front due to the large thickness increase in the region
behind the intercalate front.18

As the deformation of the baszcl surface does represent the presence of
intercalation,19 we have used this deformation to observe in situ the growth
of the intercalation compound by using an optical microscopy. For this observa-
tion, the solution method was used at room temperature in the vapor phase.
The sample was positioned in a glass bottle containing a BrZ—CCI4 solution such
that the c-face was perpendicular to the incident light beam. The bottle was
sealed and placed under an optical microscope. The sample surface was photographed
in situ at different times of intercalation. Due to the specular surface of
HOPG, under perpendicular lighting, undeformed regions reflect the light back
upon itself while deformed regions scatter the light out of the field of view.
In short, flat regions are bright and bent regions are dark. Figure 4 shows optical
micrographs of a sample after different times of intercalation at X=0.15, together
with the schematic surface profiles. The eventual stage was 4. By this optical

method, the deformed region was quite sharply delineated and could be seen to

propagate toward the center of the sample.




Figure 5 1s a plot of the width of the deformed (edge) region behind the
intercalate front as a function of time during intercalation. It can be seen
from Fig. 5 that the deformed region grew quickly initially, followed by a region
where growth was of apparently constant velocity, in agreement with the results
of ex situ surface profilometry.18 The constant velocity suggests interface-
controlled growth}s’zo On the other hand, these data can be plotted as a function
of the square root of time, as shown in Fig. 6. That this plot is quite linear
suggests the intercalate growth to be diffusion-controlled. Comparison of
Fig. 5 and Fig. 6 indicates that the overall linear fit is better in Fig. 6,so that
the diffusion~controlled mechanism is probably the case for this intercalation
condition. However, based on these figures alone, the interface-controlled
mechanism cannot be ruled out. To better elucidate the mechanism, a study of
the temperature dependence of the intercalation rate was performed, as described

later in this section,where the TTT-diagram was found to support the diffusion-

controlled mechanism for intercalation at room temperature.

Revealed by x~ray absorption

The x-ray absorption technique gives more information than the optical
microscopic observation of the intercalate front. This is because the
amount of x-ray absorbed is related to the bromine concentration. Due to
the large difference in atomic mass between carbon and bromine, x-ray absorption
gives a rather accurate determination of the bromine concentration. The
absorption measurement was performed hj. the transmission geometry. Hence,
the whole sample thickness was analyzed at any one time, irrespective of
the surface topography.

The »-ray radiation used was CuKa. The x-ray beam was collimated

by a slit of size 0.0lmm x 2mm. The sample was mounted so that the middle
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of its long edge intersected the beam. It was translated through the bean

on a motor driven micrometer stage, such that the direction of translation

was along the long edge of the sample. The transmitted beam intensity was
measured as the total number of counts detected within a counting interval.
Counting started before the beam impinged upon the sample and continued
after the sample left the beam in order to determine the incident bean
intensity. A 0.lmm receiving slit was located behind the sample. A

graphite rmcnochromator tuned to CuKa was located behind this slit.

Show:. in Fig. 7(a) is the intercalate concentra:zion profile across

the c-face obtained after 297 hr of room temperature intercalation in

[

liquid bromine. This intercalation condition yields & final staze of
The sample was of size 12mm x 12mm x 0.13mm and weighed 50 mg before
intercalation. The intercalation was interrupted intermittantly for
x~rav analysis. The average weight loss due to intercalate desorption was

2 mg during each interruption, which typically lasted ~1.5 hr. The vertical
axis in Fig. 7(a) describes the intercalate concentration in terms of the
stage number. For example, the intercalate concentration corresponding to
that of pure stage 2 is labeled "2" in the vertical axis; similarly the
intercalate concentration corresponding to that of pure stage 3 is labelud
"3" in that axis. Figure 7(a) shows that the concentration changed from

a region of nearlv pure stage 2 to a region of negligible intercalate con-
centration over a narrow spatial region. This front moved inward as
intercalation proceeded. This is consistent with the surface deformation

of the sample during intercalation.

Revealed by x~ray diffraction

X-ray diffraction was performed by using a 8-2¢ Xx-rav powder diffracto-

meter. The 002 diffraction pattern was obtained from the basal plane, vith the




rectangular cross-section of the x-ray beam perpendicular to the long edge
of ¢he sample. The CuKa radiation was used. For diffraction at selected
areas of a sample, lead or tantwmlum foil was used to nask the afea at

which diffraction was not desired. For a typicul sample of width &4mm,

the diffraction pattern of the central 2-mm wide portion of the sample

was obtained by masking the remaining regions near the two long edges of
the sample. Similarly, the diffraction pattern of the two edge regions
(each edge region being lmm wide) was obtained by masking the central

2-mm wide portion of the sample. Diffraction patterns were tvpically
taken for a 20 range of 15 to 25°C. This range allowed the diffraction
run to be obtained in a reasonable length of time while showing the strongest
superlattice lines not coincident with the graphite lines. Though a
monochromator was used, the graphite (002) line due to the K2 radiation
was quite pronounced. No attempt was made to measure the graphite (0Q2)

Kr line because its intensity was so high that it overloaded the detector.

To indicate the relative depths from the basal surface of different
stages present within a sarmple during intercalation, diffraction patterns
were obtained with both CuKz and MoKe radiations on a 12mm x 12mm x 0.15mm
HOPG sample, which was intercalated in pure bromine at room temperature
and removed for analysis intermittantly. The MoKa radiation, having a
higher energv than CuKa,yields a greater penetration distance. lience phases
farther from the surface can contribute more to the diffraction pattern
obtained with MoKa than is the case with CuKa. Selected area x-ray diffraction was
also done on this sample; masking was such as to allow observation of either
4mm of the center region or 4mm of the two edge regions combined (i.e., 2mm of

each edge region)-:




X-ray diffraction patterns obtained from the 'center' and "edge" regions
are shown in Fig. 7(b) and (c) for CuKx and MoKx radiations, respectively. The
widths of the center and edge regions are indicated in Fig 7(a). Each diffraction
peak in Fig. 7(b) and (c) is labeled by the £ index of the (00£) Miller indices
with the subscript indicating the stage (G indicating graphite) and the superscript,
if present, indicating the Kaj, Kap or K§ ¢omponent. The difference
between Fig. 7(b) and (¢) illustrates the depth dependence of the stage
distribution. Figure 7(b) and (c¢) show that the edge region is predominantly
stage 2, whereas the center region is predominantly graphite, except that
the center region near the surface has a considerable amount of stage 2.
In other words, there is a significant depth dependence of the stage

distribution in the center region.

Effect on weight measurement

Shown in Fig. 8 is the plot of weight uptake against the square root
of time during room temperature intercalation by immersion of the samples
in Brz—CClA solutions of various concentrations ranging from 5 mol % Br2
to 50 mol 7% Brz. The weight measurement was carried out ex situ by using

a Perkin-Elmer AD-2Z Autobalance. X-ray analysis was performed on the

samples immediately after each weight measurement. The curves in Fig.

w

are quite linear for the first half of the time axis and they deviate from
linearity at long intercalation times. This deviation from linearity is
attributed to be due to the meeting of the intercalate fronts at the
center of the sample. When the fronts met, the intercalation rate
changed. The meeting of the fronts was indeed observed by x-ray absorption

at roughly the times when the weight curves deviate from linearity.




Stage Evolution

The stage evolution that leads to the formation of & pure eventual stage is
fundamental to elucidation of the kinetics of intercalation. This process has

been investigated for (i) the solution method., aud (ii) the one-bulb method.

Solution method

Shown in Fig. 9 are representative intercalate concentration profiles
(obtairn.ed by x-ray absorption) and x-ray diffraction patterns of the edge
and center regions 3t different times during intercalation by immersion in
a 50 mol % Br2 BrZ-CClA solution at room temperature. After 34 hr of
intercalation, there was not much evidence for appreciable intercalation in
the center region, which was ahead of the intercalate front, although some
weak stage 3 and stage 4 superlattice (00f) lines were observed. On the
other hand, the edge region was mainly stage 2, which coexisted with smaller
quantities of stage 3, stage 4 and graphite. After 210 hr of intercalation,
the fronts had met, the stage 4 and graphite components in the edge region
had disappeared, the stage 4 and stage 3 components in the center region
had grown, a stage 2 component had appeared in the center region, and the
graphite component had greatly diminished in the center region. After 1187 hr
of intercalation, the concentration profile was flat, indicating that inter-
calation was essentially complete. Furthermore, both the edge and center
regions were almost pure stage 2, which was the final stage for this inter-
calation condition. In addition to the major intercalate front (also referred
to as "'the first front'") ahead of which was mainly pure graphite, a second
front was observed behind the first front as shown in Fig. 9. Both the
first and second fronts moved toward the center during intercalation, but they
progressed at different rates. Of interest is that the shoulder in the con-
centration profile between the first and second fronts occurred at a con-

ceatration roughly corresponding to that of pure stage 3. Also note that

‘g
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the maximum in each concentration profile approximately corresponds to the
concentration of pure stage 2. It is probable that the shoulder was due to
the completion of intercalating the whole sample thickness to stage 3) so that
the region between the maximum and the shoulder consisted of a mixture of
stages 2 and 3. However, x-ray diffraction at this small area was not

carried out to confirm this hypothesis. 1In some cases, a third front was

also observed, though it was not as clear as the first and second fronts.
Representative concentration profiles and diffraction patterns obtained

after 600 hr of intercalation in various concentrations of Brz-CCla solutions

at room temperature are shown in Fig. 10, After 600 hr of intercalation in

a 15 mol % Br, solution, stage 4 was the main phase present. Because the

2
first fronts had not met, pure graphite was also present in the center region.
After 600 hr of intercalation in a 25 mol % Br2 solution, stage 3 was
dominant in the edge region and stage 4 was dominant in the center region.
Because the fronts had met, pure graphite was absent. After 600 hr of
intercalation in a 30 mol % Br2 solution, stage 3 was dominant in both
the center and the edge regions. Note the presence of the second front in
Fig. 10, The second front was clearest for external intercalate concentra-
tions near the limits for giving a certain final stage, such as 40 meol %
Br, (final stage = 2) and 15 mol % Br2 (final stage = 3). The latter is
one of the concentrations shown in Fig. 10. Refer to Table 3 for these limits.
The stage evolution during intercalation is illustrated in Table 2
for two representative external intercalate concentrations (50 and 20 mol

% Br,). The table lists the stages present in the edge and center regions

2

at various intercalation times, together with the percentage weight gain
at each time. The symbol denoting the main phase (indicated by the stage
number or G for graphite) was underlined. Note that the center region was

always taken as the central 2-mm wide region, irrespective of the front




position. For the case of the 50 mol 7% Br2 solution, stage 2 was the final
stage, which was attained as a pure stage after 663-1182 hr of intercalation.
Before this, stages 3 and 4 and pure graphite were also observed. Stage 2
was the dominant stage at all times in the edge region, whereas stages 4,

3 and 2 were successively dominant in the center region. The pure graphite
phase was dominant in the edge region for the first 15-24 hr of intercalation,
whereas it was dominant in the center region for the first 140-210 hr cf
intercalation. For the case of the 20 mol % Br2 solution, stage 3 was

the final stage, which was attained as a pure stage after 667-1812 hr of
intercalation. Before this, stages 4 and 5 and pure graphite were also
observed. Pure graphite, stage 4 and stage 3 were successively the dominant
stage in both the edge and center regions. However, the pure graphite

phase was dominant in the edge region for the first 63-66 hr of intercala-
tion, whereas it was dominant in the center region for the first 355-~667

hr of intercalation. Shown in Table 2 is the coexistence of stages higher
than the eventual stage. This behavior ie in contrast to that in K inter-
calation, where little stage coexistence occurs during the progressive stage

2
decrease toward the eventual stage. 1

Table 3 compares the stage obtained after 468 ~ 689 hr of intercalation
for various external intercalate concentrations. Also indicated in Table?
are the final stages for the various concentrations. For a final stage
of 2, concentrations above ~40 mol % BrZ is required; for a final stage
of 3, concentrations from 15 to 30 mol 7 Br2 are appropriate.

Both Table 2 and Fig. 7 show that the intercalation involved a progressive
decrease in the stage number rather than the direct formation of the final
stage. However, the higher the external intercalate concentration, the

more it appears to be direct final stage formation.




21

The dependence of the intercalation rate on the external intercalate concen-
tration is summarized in the temperature-concentration-transformation (TCT)
diagram in Fig. 11. The curves there give the times for a certain stage to start
forming and to finish forming, so that the curves separate regions in the diagram
corresponding to the coexistence of different combinations of phases, which are
indicated by the stage number or G for the pure graphite phase. To see how the
phases evolve during intercalation at a particular external intercalate concentra-

tion, the TCT-diagram should be read horizontally from left to right. The normalized

time in the horizontal scale in Fig.11,is the time divided bv the square
, 2

of the width behind the first front, so that its unit is s/cm”. For

example, at a mole fraction of 0.2 for the Br2 concentration in the

Br.,-CCl, sclution, stage 4 began forming after ~7 x lOA s/cmz, stage 3

2 4

. 5 2 C e .
began forming after ~2 x 10 s/cm”, stage 4 finished forming after ~ 4 x 13
< s . 2

s/cm“ and stage 3 finished forming after 3 x lO8 s/em”. As a result, pure

. - 4 2
graphite was the onlv phase observed before ~7 x 10 s/cm”, stage 4 and

. . 4 2 5 2 .
graphite coexisted from ~ 7 x 10 s/em” to v~ 2 x 107 s/cm”, stage 3, stage <

. . 5 2 7 2 ,

and graphite coexisted from ~2 x 107 s/cm” to 4 x 10° s/cm, stages 3 and =

: . . 7 2 8 2
coexisted (without graphite) from ~4 x 10" s/cm” to ~3 x 10 s/cm”, and

, 2 .

stage 3 (the final stage) was present alone after "3 x 108 s/cm”, which was
when intercalation was complete. The horizontal bands in Fig.ll.scparate
the different ranges of mole fraction which give different final stages.
These ranges are also given in Table 3. Because of the significant error
involved in measuring the time when a certain stage higher than the final
stage just hegan to form, the error bars for such data points probably
extend to the left more than indicated, as implied by the arrows pointing
to the left for such error bars in Fig.ll. The other curves are more
accurate; each error bar covers the data points obtained from the results

of x-ray diffraction, »-ray absorption and optical microscopyv.




One-bulb method

X-ray diffraction and x-ray absorption were also used ex situ to
follow the intercalate concentration profiles and stage evolution during
intercalation at various constant temperatures from room temperature to 140°C.
Intercalation was performed by immersion of the sample in pure bromine
sealed in a Monel ampoule, such that the sample and bromine were at the
same temperature, which was controlled by a water bath.

Shown in Fig. 12 are a series of x~ray diffraction patterns obtained
after 2 hr of Br2 intercalation at various temperatures toward a final staze
of 2. Samples were intercalated in liquid bromine. They were 4 mm x 14 mm x
0.5 mm and mounted so that the full 4 mm width was in the x-ray beam. Due
to the deformation caused by intercalation, quantitative intensity measure-
ments could not be made. Nonetheless, the dependence on temperature can
be clearly seen in Fig. 12 . At 25°C, essentially only stage 2 was observed
after 2 hr; above 30°C, increasing amounts of stage 3 were observed, till
at 50°C, no stage 2 peak was evident after 2 hr. However, the final stace
was pure stage 2 for all the temperatures from 25°C to 50°C, as shown by
x-ray diffraction after a week of intercalation. This dependence on
temperature is further illustrated in Fig. 13, where the relative integrated
intensities of the stage 2 (003) peak and the stage 3 (004) peak afrer 2 hr

of intercalation are shown as a function of the temperature. Therefore,

the higher the intercalation temperature, the faster the kinetics of stage
3 formation compared to that of stage 2 formation, even though the final
stage is 2 for all these temperatures.

We have also allowed samples (4.5 x 12 mm; thickness: 0.1 - 0.25 mm)
to be intercalated in liquid bromine for 2 hr at 72°C, 81°C, 90°C and 100°C.
Note that the intercalation conditions are the same as those used in Fig. 12
except that these temperatures are higher. After 2 hr of intercalation

at 72°C, a weight increase of 24 %(1.9 mole % Brz) was observed; after 2
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hr of intercalation at 81°C, a weight incrased of 34 % (2.6 mole % Brz)

was observed; after 2 hr of intercalation at 90°C, a weight increase of 43 ¥
(3.3 mole % Br2) was observed; after 2 hr of intercalation at 100°C, a
weight increase of 54 % (4.1 mole 7% Brz) was observed. Shown in Fig. 14
are superlattice x-ray diffraction peaks obtained at the region behind

the intercalate front (the edgc region) by masking the center region with
a 3 mm wide lead foil for the 72°C sample and with a 2 mm wide lead foil
for the 81°C and 90°C samples. NXNo mask was used for the 100°C sample.
Corresponding intercalate concentration profiles across the whole sample
width obtained by 